Abstract. The assumption of constant permeability is not strictly applicable to porous media where rock properties undergo changes, such as stress-sensitive gas reservoirs. This study developed a hydromechanics model of a horizontal well in dual-porosity media considering the stress-sensitivity effect. The solution methods include variable substitution, perturbation technique, Laplace transformation, Sturm-Liouville eigenvalue theory, orthogonal transformation and numerical inversion. The results showed that the production rate decreases with the increasing of permeability modulus and the derivative curve will be warped up during the whole system late radial flow stage. The research has both theoretical and practical significance in predicting production performance and evaluating underground fluid transport in such formations.
Introduction
Transient flow behavior in porous media is commonly studied based on the assumption of constant reservoir permeability during the entire production process. Nevertheless, such assumption is not strictly applicable to reservoirs where rock properties undergo changes due to variation in pore pressure. For an abnormal high-pressure gas reservoir, with the continuous producing of natural gas, a certain extent of elastic deformation will happen to the reservoir rock. In the meanwhile, the effective stress of rock skeleton increases, and the reservoir physical parameters (especially permeability) will be irreversible reduced, which is so-called permeability stress-sensitivity. Numerous efforts have been made to investigate the stress-sensitivity mechanism via laboratory experiments or physical modeling [1] [2] [3] [4] . In the aspect of transient model analysis (pressure or rate), lots of scholars have paid attention to the stress-dependent permeability [5] [6] [7] . Dealing with the nonlinearity of the seepage differential equation, it is commonly based on the Pedrosa's linearization and perturbation technique [8] [9] [10] . Through the above literature summarization, we expect to figure out the transient model of natural gas produced by a horizontal well. This study develops a semi-analytical model of a horizontal well in dual-porosity media accounting for the permeability stress-sensitivity. The model presented here can provide some insights into well test interpreting, production data analyzing, and well performance forecasting.
Physical Modeling
Given a physical model of a horizontal well producing in a dual-porosity medium (see Fig. 1 ), the reservoir is naturally structured by matrix system and fracture system; nevertheless the two types of systems are relatively independent in physical properties. The permeability of matrix system segregated and surrounded by fractures is usually several quantity degrees smaller than that of fracture system. The single-phase natural gas flows from matrix system to fracture system, and then to the horizontal wellbore, while matrix is considered as a evenly distributed source that release gas into the fractures and gas will not directly flow from matrix to wellbore. 
Mathematical Modeling
In cylindrical coordinate system, combine mass conservation equation, motion equation and state equations, we can obtain the corresponding governing flow equations of separately fractures and matrix systems taken stress-sensitivity into account: 
Initial condition:
Inner boundary condition:
Infinite lateral boundary condition:
Closed top and bottom boundaries:
The stress-sensitivity of natural fracture permeability makes the above seepage model strongly nonlinear which cannot be solved analytically. As a consequence, we employed Pedrosa variable substitution and regular perturbation method to alleviate the nonlinearity. Successively, Imposing Laplace transformation (for time variable) and orthogonal transformation (for spatial variable) over the linearized model, the seepage differential equation can be degraded into a Bessel equation, and the exact solutions can be obtained finally.
After the dimensionless process, Pedrosa variable substitution was introduced as the following formula:  can meet the requirements of engineering precision.
Imposing Laplace transformation and orthogonal transformation over D0
 ,and taking the inverse orthogonal transformation, the zero-order perturbation solution in Laplace domain is expressed by:
As mentioned above, 
Eq. (10) is the bottom-hole pseudo pressure solution expression for stress-sensitive gas reservoirs. Employing Duhamel's theorem and the superposition principle to incorporate wellbore storage coefficient and skin factor into well response, the pseudo pressure solution is [11] (14), we can obtain the bottom-hole pressure response for horizontal wells in dual-porosity media incorporating the stress-sensitivity effect:
The dimensionless wellbore flow rate equation for the constant-pressure production case can be determined by the relationship between the dimensionless pressure and the rate in the Laplace space [12] : 13), we can determine the horizontal well dimensionless production rate solution under the influence of the stress sensitivity.
Model Application
We employ the Eqs. (12) and (13) to analyze the characteristics of pressure response and the production rate performance of the mathematical model derived in this paper, the results are shown in Figs. 2 ~ 3 .
In order to study the flow regimes in the underground reservoirs more graphically, we give both type curves of pressure response and production rate performance illustrated by Figs 2 and 3 , in which the following seven periods can be easily discovered. According to the red lines in Fig. 2~3 (i.e., the situation not considering the stress-sensitivity, which can directly reflect the obvious features for every period): Period 1 is pure wellbore storage stage occurred in the early time. Period 2 is skin effect transition stage. Period 3 is early radial flow stage in the vertical plane. Period 4 is early linear flow stage. Period 5 is mid-term radial flow stage of fracture system. Period 6 is cross flow stage of dual-medium. Period 7 is late radial flow stage of whole system. Moreover, Figs 3 and 4 indicate the effect of permeability stress-sensitivity on the transient flow dynamics including pressure response and production rate performance. Mainly in the last regime, the pressure derivative curve will deviate from the "0.5" level line and turn upward gradually with the increasing of the value of permeability modulus (see Fig. 2 ). Accessibly, the stronger of the stress-sensitivity is, the more serious damage of permeability is, the worse the reservoir property is, the more difficult the fluid flows, and the larger drawdown pressure is needed, or the lower the production rate under constant-pressure will be. Correspondingly the greater of γmD, the production rate curve shows a steeper downwarping and its derivative curve shows a more obvious upwarping (see Fig. 3 ).
Summary
(1) An approximate semi-analytical solution of the model is derived by orderly adopting a series of methods of mathematical physics, including Pedrosa's linearization, perturbation technique, Laplace transformation, Sturm-Liouville eigenvalue theory, orthogonal transformation and numerical inversion.
(2) The model can be applied to produce the transient performance curves (pressure and rate) of a horizontal well. A total of seven flow periods can be recognized.
(3) The function of the stress-sensitivity of fracture system will begin to emerge from the early linear flow stage (period 4). The gas flow will need more pressure drawdown and production rate will drop lower.
(4) The model proposed contributes to the understanding of transient flow behavior and provides the theoretical basis for efficiently exploiting natural gas reservoirs in such formation.
